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II.  ABSTRACT 

Niobium  Josephson  junction  arrays  show 
great  promise  as  compact,  low  dissipation,  ef¬ 
ficient  sources  of  electromagnetic  radiation  at 
frequencies  from  below  100  GHz  to  as  high  as 
1  THz.  Current  small  resistively  shunted  ar¬ 
rays  (containing  100  phase-locked  junctions)  are 
tunable  over  a  broad  range  and  produce  power 
which  is  within  a  factor  of  3  of  the  theoret¬ 
ical  maximum.  Unshunted  arrays  have  also 
been  made  which  are  not  tunable,  but  produce 
very  narrow  linewidth  radiation  with  remark¬ 
ably  high  efficiency  (conservatively  estimated  at 
15%  from  DC  to  157  GHz).  In  addition,  a 
new  scanning  probe,  based  on  SQUIDs  (Super¬ 
conducting  Quantum  Interference  Devices)  has 
been  designed  and  constructed,  and  is  now  in 
operation,  yielding  spatial  images  of  the  mag¬ 
netic  field  distribution  in  arrays. 


High-Frequency  Properties  of 
Two-Dimensional  Josephson  Junction  Arrays 

Christopher  J.  Lobb 
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A.  Background 

If  compact,  tunable,  efficient  sources  of  elec¬ 
tromagnetic  radiation  were  available  in  the  mil¬ 
limeter  to  submillimeter  range  (roughly  100 
GHz  to  above  1  THz),  a  large  number  of  ap¬ 
plications  would  be  made  possible,  or  reduced 
substantially  in  cost.  Aside  from  the  general 
advantages  of  opening  up  more  bandwidth,  po¬ 
tential  applications  range  from  secure  satellite 
to  satellite  communication  (by  choosing  a  fre¬ 
quency  which  is  heavily  absorbed  by  the  atmo¬ 
sphere),  high-speed  wireless  communication  (in 
’’windows”  of  lower  absorbtion),  sources  of  ra¬ 
diation  for  characterization  of  sensors  and  for 
far-infrared  spectroscopy  of  electronic  materials, 
and  local  oscillators  for  single-chip  integrated  re¬ 
ceivers. 

Current  sources  at  the  lower  frequency  end 
include  Gunn  and  IMPATT  diodes.  Although 
these  devices  may  be  frequency  multiplied,  ef¬ 
ficiency  and  tunability  are  poor.  Laser  sources 
are  available  from  the  high-frequency  end,  but 
they  are  not  tunable,  they  are  large,  and  their 
power  output  is  low. 

Josephson  junctions  are  good  candidates  for 
oscillators  in  this  range;  when  a  constant  voltage 
Voc  is  applied  to  a  junction,  a  current  results 
which  oscillates  at  a  frequency  i/  given  by  [1] 
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where  h  is  Planck’s  constant  and  e  is  the  charge 
of  the  electron.  Single  junctions  can  emit  radia¬ 
tion  over  the  frequency  range  of  interest,  with 
a  high  fraction  of  the  power  supplied  to  the 
junction  being  converted  to  radiation.  Unfor¬ 
tunately  the  power  emitted  by  a  single  junction 
(about  1  nW  in  our  junctions)  is  too  small,  and 


the  impedance  is  too  low. 

If  an  array  with  NjoT  junctions  can  be  con¬ 
structed  in  which  all  the  junctions  oscillate  in 
phase  and  at  the  same  frequency,  the  theoretical 
power  coupled  to  an  impedance-matched  load 
scales  with  Ntot  [2].  Arrays  with  thousands 
or  even  millions  of  junctions  can  be  made,  but 
phase-locked  behavior  is  not  guaranteed.  At  the 
present  time,  however,  great  progress  is  being 
made  both  experimentally  and  theoretically  to¬ 
ward  making  large  phase-locked  arrays  [3]-[8]. 

B.  Accomplishments 

We  have  performed  experiments  with 
both  overdamped  and  underdamped  Josephson- 
junction  arrays.  The  results  show  strong  evi¬ 
dence  of  total  synchronization  (phase  locking) 
for  both  types  of  arrays.  Over  damped  arrays 
emit  radiation  coherently  in  a  broad  frequency 
range  (75  to  430  GHz  with  a  maximum  detected 
power  of  0.15  pW  at  210  GHz  for  a  100-junction 
array).  Therefore,  these  devices  are  good  can¬ 
didates  as  tunable  high  frequency  sources.  Un¬ 
derdamped  arrays  show  phase  locking  only  at 
specific  resonant  frequencies  (in  the  range  150 
to  200  GHz).  However,  the  estimated  linewidth 
of  their  emitted  radiation  is  as  low  as  a  few  hun¬ 
dred  hertz.  In  order  to  perform  a  more  detailed 
investigation  of  the  high  frequency  properties 
of  the  arrays,  two  more  powerful  experimental 
technique  are  also  being  implemented:  scanning 
SQUID  microscopy  and  irradiation  with  far  in¬ 
frared  sources. 

1)  Overdamped  Arrays:  The  junctions  form¬ 
ing  our  overdamped  arrays  are  shunted  by  an  ex¬ 
ternal  molybdenum  resistor.  This  feature  makes 
the  junctions  overdamped,  i.e.  they  have  a  non- 
hysteretic  current  voltage  characteristic.  This 
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type  of  junction  offers  a  better  voltage  (there¬ 
fore,  frequency)  tunability.  . 

Several  junctions  connected  together  can  op¬ 
erate  in  a  coherent  (synchronized)  state:  in  this 
case  the  maximum  power  coupled  to  a  matched 
load  scales  linearly  with  the  number,  NjoTi  of 
operating  junctions  according  to: 

Pm  AX  =  NtotIcPI^i  (2) 

where  Ic  is  the  critical  current  and  R  the  re¬ 
sistance  of  the  junctions  [2].  In  our  samples 
the  junctions  are  connected  in  a  two-dimensional 
network  (iV  junctions  in  parallel  and  M  in  se¬ 
ries,  so  that  Ntot  =  N  X  M).  The  radiation 
emitted  by  the  array  is  detected  on-chip  with 
a  nearby  detector  junction,  as  shown  schemati¬ 
cally  in  Fig.  1. 


Fig.  1.  Schematic  representation  of  the  array-detector 
operation.  Radiation  emitted  by  the  array  (at  left)  is 
detected  by  a  single  junction  (at  right). 

When  the  detector  junction  is  irradiated  at 
frequency  r/,  steps  at  constant  voltage  appear  on 
its  IV  curve.  The  step  voltages  are  proportional 
to  the  frequency, 


hf 

Vn  =  n — , 
2e’ 


(3) 


where  n  is  an  integer.  The  step  width  is  re¬ 
lated  to  the  power  of  the  detected  radiation  (see 
Fig.  2). 

Fig.  3  shows  a  schematic  of  our  samples.  The 
array  is  capacitively  coupled  to  the  detector 
junction,  allowing  both  to  be  independently  bi¬ 
ased.  A  groundplane  (not  shown  in  Fig.  3) 
covers  the  entire  structure.  An  actual  array  is 
shown  in  Fig.  4 


Fig.  2.  Measured  detector  current- volt  age  characteristic 
showing  emitted  power  at  105  GHz.  Green  curve  is  de¬ 
tector  with  array  turned  off,  red  curve  is  detector  with  ar¬ 
ray  turned  on,  and  black  is  simulation  used  to  determine 
power.  Arrows  indicate  Shapiro  steps  corresponding  to 
1/  =  105  GHz. 

^  This  scheme  was  introduced  in  the  first  suc¬ 
cessful  two-dimensional  sources  by  S.  P.  Benz 
and  C.  J.  Burroughs  [7],  During  our  work  we 
added  substantial  modifications  to  the  original 
design. 

1.  We  reduced  the  stray  capacitance  formed 
by  the  overlapping  area  between  the  ground- 
plane  and  one  plate  of  the  coupling  ca¬ 
pacitor.  This  change  increased  the  max¬ 
imum  detected  frequency  from  280  GHz 
to  430  GHz.  Our  estimates  of  detected 
power  (at  frequencies  corresponding  to  the 
best  response  of  the  detector  junction) 
showed  a  130%  increase,  from  0A3Pmax 
to  0.3Pa/AX?  coupled  into  the  detector  with 
the  new  design. 

2.  We  started  a  detailed  analysis  of  the  fre¬ 
quency  dependent  transmission  of  the  cou¬ 
pling  circuit.  This  study  is  essential  to  esti¬ 
mate  the  actual  power  emitted  by  the  array 
as  a  function  of  frequency.  A  substantial 
part  of  this  work  was  done  in  collaboration 
with  Dr.  Shitov,  who  developed  a  program 
to  simulate  our  arrays  and  coupling  circuit. 
In  the  simulations  the  detailed  dimensions 
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Fig.  3.  More  detailed  schematic  of  array  and  detector. 
Groundplane  is  omitted  for  clarity. 


Frequency  (GHz) 


Fig.  4.  Micrograph  of  the  sample.  Array  (at  left)  is 
coupled  through  rectangular  capacitor  to  detector  junc¬ 
tion  (at  right).  Capacitor  is  410  //mx  180  fim.  Larger 
rectangle  surrounding  both  array  and  capacitor  is  the 
groundplane. 


Fig.  5.  Calculated  (blue  line)  and  experimental  (green 
dots)  power  coupled  into  the  detector  as  a  function  of 
jfrequency.  The  red  line  represents  the  theoretical  maxi¬ 
mum  power  emitted  by  the  array. 

ray  is  also  shown.  This  plots  show  clearly 
that,  in  spite  of  the  improvements  described 
in  1.,  the  performance  of  this  coupling  cir¬ 
cuit  is  not  satisfactory.  Our  new  design  con¬ 
tains  changes  in  the  dimensions  of  the  cou¬ 
pling  capacitor,  high  frequency  filters  and 
both  SIS  detectors  and  Josephson  detec¬ 
tors.  The  calculated  frequency  dependence 
of  the  transmission  in  this  circuit  is  shown 
in  Fig.  6. 


of  the  superconducting  films  and  thickness 
of  the  superconducting  layers  are  taken  into 
account  and  the  whole  structure  is  modeled 
via  a  combination  of  microstrip  lines.  In  this 
linearized  approach  the  junctions  are  rep¬ 
resented  by  a  parallel  connection  of  tunnel 
resistance  and  capacitance. 

Fig.  5  shows  a  plot  of  the  calculated  max¬ 
imum  power  coupled  into  the  detector  (i.e. 
correcting  the  calculated  maximum  power 
emitted  by  the  array  with  the  transmission 
coefficient  of  the  coupling  circuit)  as  a  func¬ 
tion  of  frequency.  The  measured  power 
agrees  quite  well  with  the  calculated  curve. 
The  drastic  drops  in  coupled  power  in  Fig.  5 
are  due  to  undesired  resonances  in  the  cou¬ 
pling  circuit.  In  the  same  figure  the  cal¬ 
culated  maximum  power  emitted  by  the  ar- 


Fig.  6.  Calculated  frequency  dependence  of  the  transmis¬ 
sion  for  the  improved  coupling  circuit. 
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3.  We  began  systematic  modifications  to  tlie 
array  characteristic  parameters  and  design 
in  order  to  obtained  increased  emitted 
power. 

a.  We  measured  arrays  with  different 
critical  current  densities  (  from  1  to  2.5 
kA/cm^).  We  detect  increased  power 
from  the  arrays  with  higher  critical  cur¬ 
rent.  However,  the  tunability  range  dras¬ 
tically  decreases,  i.e.  the  high-Zc  arrays 
emit  only  in  the  range  180-250  GHz.  The 
optimum  trade-off  between  tunability  and 
higher  power  needs  to  be  found. 

b.  By  doubling  the  total  number  of  junc¬ 
tions  from  5  X  10  to  10  X  10  we  doubled  the 
power,  as  expected  from  Eq.  (2).  Our  next 
goal  is  to  maximize  the  number  of  junctions 
within  this  linear  regime.  This  will  probably 
require  more  compact  geometries,  in  order 
to  keep  our  device  sufficiently  lumped  in  the 
range  of  operating  frequencies. 

c.  We  changed  the  geometry  of  the  shunt 
resistor  in  order  to  minimize  the  stray  in¬ 
ductance  associated  with  the  shunt  resistor. 
This  inductance  limits  the  high  frequency 
performance  of  the  array  [7]. 

2)  Underdamped  Arrays:  The  underdamped 
two-dimensional  arrays  we  analyzed  were  de¬ 
signed  with  the  same  geometry  as  the  over¬ 
damped  ones,  the  only  difference  being  the  re¬ 
moval  of  the  shunt  resistors.  By  measuring  the 
current  voltage  characteristics  of  these  arrays  in 
the  presence  of  a  magnetic  field  (applied  in  the 
plane  of  the  junctions),  we  found  resonances  ap¬ 
pearing  as  sharp,  constant  voltage  steps,  corre¬ 
sponding  to  Josephson  frequencies  in  the  range 
150-200  GHz.  A  detailed  study  of  these  steps 
showed  that  their  voltage  is  independent  of  tem¬ 
perature,  external  magnetic  field  and  number  of 
junctions  in  the  array.  In  fact,  the  voltage  of 
these  resonances  seems  only  to  depend  on  the 
distance  d  between  the  array  and  the  ground- 
plane.  A  circuit  analysis  of  these  arrays,  made 
with  the  same  type  of  simulations  described 
above,  shows  that  the  inductance  of  the  mi¬ 
crostrip  line  connecting  neighbor  junctions  de¬ 
pends  on  d.  This  inductance  resonates  with  the 
capacitance  of  the  junction  at  frequencies  that 


are  very  close  to  the  Josephson  frequencies  cor¬ 
responding  to  the  measured  step  voltages.  Res¬ 
onances  at  similar  values  of  frequency  are  also 
found  in  overdamped  arrays,  indicating  that  this 
mechanism  might  exist  for  both  types  of  array. 

Using  a  newly-designed  coupling  circuit  and 
detector,  we  have  also  measured  the  radiation 
emitted  by  these  underdamped  arrays.  The 
power  detected  from  the  resonant  states  in¬ 
creases  by  increasing  the  number  of  active  junc¬ 
tions,  up  to  array  length  comparable  to  the  radi¬ 
ation  wavelength.  Moreover,  the  conversion  effi¬ 
ciency  from  DC  to  AC  power  is  about  15%,  from 
a  small  array  containing  108  junctions  emitting 
O.ObpW  of  power.  We  have  also  studied  larger 
arrays,  with  a  maximum  power  detected  being 
0.12/iW  from  an  array  with  690  junctions.  Al¬ 
though  there  is  scatter  in  the  data,  preliminary 
analysis  indicates  that  there  is  a  threshold  num¬ 
ber  of  junctions  for  power  emission,  and  that 
above  the  threshold  the  power  increases  with  the 
square  of  the  number  of  junctions. 

A  possible  explanation  for  these  new  experi¬ 
mental  results  is  the  occurrence  of  a  travelling- 
wave  coupling  mechanism,  where  the  lag  in  the 
oscillator  phases  matches  the  phase  gradient  of 
the  travelling  wave.  However,  some  characteris¬ 
tics  of  these  coherent  states  and  their  underly¬ 
ing  coupling  mechanism  may  not  be  completely 
explained  by  a  classical  electrodynamic  descrip¬ 
tion. 


Fig.  7.  Photograph  of  a  Wellstood  scanner.  The  top 
spring-loaded  piece  holds  a  copper  coil  (to  provide  a  small 
magnetic  field)  and  the  SQUID,  and  can  be  adjusted  ver¬ 
tically  while  cold.  The  sample  holder  below  the  SQUID 
is  scanned  in  the  horizontal  plane. 
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3)  Scanning  SQUID  Microscope:  A  low- 
temperature  scanning  SQUID  microscope  has 
been  built,  and  has  been  successfully  used  to 
image  a  Josephson-junction  array.  (See  Fig.  7) 
The  SQUID  clearly  shows  vortices  trapped  in 
the  array,  as  well  as  interesting  avalanche  be¬ 
havior  as  flux  enters  the  sample.  In  addition,  an 
AC  technique  has  been  used  to  monitor  losses  in 
the  array. 

4)  FIR  Laser  Probe:  We  built  a  low  tempera¬ 
ture  probe  for  shining  far  infrared  radiation  onto 
the  arrays.  The  radiation  is  provided  by  a  far- 
infrared  laser,  which  is  pumped  by  a  CO2  laser. 
This  apparatus  is  available  in  the  laboratory  of 
Prof.  H.  D.  Drew,  and  frequencies  ranging  from 
150  GHz  to  2.5  THz  can  be  obtained.  Our  goal 
is  to  test  the  interaction  between  Josephson- 
junction  arrays  and  the  external  radiation  in  a 
wide  frequency  range.  Due  the  reciprocity  of  the 
Josephson  relation,  the  frequency  dependence  of 
the  synchronization  of  the  junctions  to  external 
radiation  should  give  us  information  about  the 
possible  achievable  operating  frequency  range  of 
the  devices.  Moreover,  it  will  be  possible  to  test 
the  performance  of  arrays  as  on-chip  local  oscil¬ 
lators  in  SIS  receivers. 

References 

[1]  B.  D.  Josephson,  Phys.  Lett.  1,,  251  (1962). 

[2]  A.  K.  Jain,  K.  K.  Likharev,  J.  E.  Lukens,  and  J.  E. 
Sauvageau,  Phys.  Reports,  109.  309  (1984). 

[3]  P.  Booi  and  S.  P.  Benz,  Appl.  Phys.  Lett.,  68.  3799 
(1996). 

[4]  K.  Wiesenfeld,  S.  P.  Benz  and  P.  Booi,  J.  Appl. 
Physics  76,  3835  (1994). 

[5]  P.  Hadley,  M.  R.  Beasley  and  K.  Wiesenfeld,  Appl. 
Phys.  Lett.  52,  1619  (1988). 

[6]  R.  L.  Kautz,  IEEE  Trans.  Appl.  Supercon.  (pro¬ 
ceedings  APS  1994). 

[7]  S.  P.  Benz  and  C.  J.  Burroughs,  Supercond.  Sci. 
Technol.  vol.4,  561  (1991). 

[8]  A.  B.  Cawthorne,  P.  Barbara  and  C.  J.  Lobb, 
High-Frequency  Properties  of  Two-Dimensional 
Josephson-junction  Arrays,  IEEE  Trans.  Appl.  Su¬ 
percon.  7,  3403  (1997). 


C.  Supplemental  Information 
1 )  Papers  Acknowledging  Grant  Support; 


1.  M.  Octavio,  C.  B.  Whan,  U.  Geigenmiiller, 
and  C.  J.  Lohh,  Dynamical  States  of  Un¬ 
derdamped  Josephson  Arrays  in  a  Magnetic 
Field,  Phys.  Rev.  B  47  (Rapid  Communi¬ 
cation),  1141  (1993). 

2.  C.  B.  Whan,  C.  J.  Lobb,  and  M.  G. 
Forrester,  Effect  of  Inductance  on  Exter¬ 
nally  Shunted  Josephson  Tunnel  Junctions, 
J.  Appl.  Phys.  11,  382  (1995). 

3.  C.  B.  Whan  and  C.  J.  Lobb,  Com¬ 
plex  Dynamical  Behavior  in  RCL-Shunted 
Josephson  Junctions,  IEEE  Transactions  on 
Applied  Superconductivity  5,  3094  (1995) 
(Proceedings  of  the  1994  Applied  Supercon¬ 
ductivity  Conference). 

4.  C.  B.  Whan,  A.  B.  Cawthorne,  and  C.  J. 
Lobb,  Synchronization  and  Phase  Locking 
in  Two-Dimensional  Arrays  of  Josephson 
Junctions,  Phys.  Rev.  B  W,  12340  (1996). 

5.  C.  J.  Lobb  and  R.  S.  Newrock,  Ginzburg- 
Landau  Theory  for  Three-Dimensional 
Josephson  Junction  Arrays,  J.  Low  Temp. 
Phys.  105,  133  (1996). 

6.  C.  B.  Whan  and  C.  J.  Lobb,  Complex  Dy¬ 
namical  Behavior  in  RCL-Shunted  Joseph¬ 
son  Tunnel  Junctions,  Phys.  Rev.  E  M, 
405  (1996). 

7.  A.  B.  Cawthorne,  P.  Barbara  and  C. 
J.  Lobb,  High-Frequency  Properties  of 
Two-Dimensional  Josephson-Junction  Ar¬ 
rays,  IEEE  Trans.  Appl.  Supercon.  7,3403 
(1997). 

8.  A.  B.  Cawthorne,  C.  B.  Whan,  and  C.  J. 
Lobb,  Influence  and  Evaluation  of  Parasitic 
Inductanc  in  Shunted  Josephson  Junctions, 
IEEE  Trans.  Appl.  Supercon.  7,  2355 
(1997). 

9.  F.  M.  Araujo- Moreira,  P.  Barbara,  A.  B. 
Cawthorne,  and  C.  J.  Lobb,  Reentrant 
AC  Magnetic  Susceptibility  in  Josephson- 
junction  Arrays,  Phys.  Rev.  Lett.  78,  4625 
(1997). 

10.  R.  D.  Parmentier,  P.  Barbara,  G.  Costa- 
bile,  A.  D’Anna,  B.  A.  Malomed,  and  C.  So¬ 
riano,  Flux- Flow  Drag  in  Stacked  Josephson 
Junctions,  Phys.  Rev.  B  55,  15165  (1997). 

11.  A.  B.  Cawthorne,  C.  B.  Whan,  and  C.  J. 
Lobb,  Complex  Dynamics  of  Resistively  and 


6 


Inductively  Shunted  Josephson  Junctions, 
submitted  to  Journal  of  Applied  Physics. 

12.  P.  Barbara,  F.  M.  Araujo- Moreira,  A. 

B.  Cawthorne,  and  C.  J.  Lobb,  Reentrant 
AC  Magnetic  Susceptibility  in  Josephson- 
Junction  Arrays:  an  alternative  explanation 
for  the  paramagnetic  Meissner  effect,  sub¬ 
mitted  to  Phys.  Rev.  B,  (1998). 

2)  Conference  Presentations  Acknowledging 
Grant  Support: 

1.  M.  C.  Hernandez,  M.  Octavio,  C.  J.  Lobb, 
D.  B.  Mast,  and  R.  S.  Newrock,  Noise 
in  SNS  Josephson  Junction  Arrays,  Bull. 
Amer.  Phys.  Soc.  40»  69  (1995). 

2.  C.  B.  Whan,  A.  B.  Cawthorne,  and  C. 
J.  Lobb,  Numerical  Study  of  Phase-Locking 
Mechanisms  in  2D  Josephson  Arrays,  BuU. 
Amer.  Phys.  Soc.  40,  117  (1995). 

3.  S.  T.  Herbert,  Youngha  Jun,  D.  B.  Mast, 
R.  S.  Newrock,  and  C.  J.  Lobb,  Absence  of 
the  Kosterlitz-Thouless  Transition  in  Two- 
Dimensional  Josephson  Junction  Arrays, 
Bull.  Amer.  Phys.  Soc.  40,  119  (1995). 

4.  R.  S.  Newrock,  L.  B.  Gomez,  Said  El- 
hamari,  D.  B.  Mast,  S.  Herbert,  and 

C.  J.  Lobb,  Ginzburg-Landau  Theory  for 
Three-Dimensional  Josephson- Junction  Ar¬ 
rays,  Bull.  Amer.  Phys.  Soc.  41)  466 
(1996). 

5.  A.  B.  Cawthorne,  C.  B.  Whan,  and  C. 
J.  Lobb,  Complex  Dynamics  of  Resistively 
and  Inductively  Shunted  Josephson  Junc¬ 
tions,  Bull.  Amer.  Phys.  Soc.  41)  532 
(1996). 

6.  A.  B.  Cawthorne,  P.  Barbara,  and  C. 
J.  Lohh,High-Frequency  Dynamics  of  Two- 
Dimensional  Josephson  Junction,  Arrays, 
Bull.  Amer.  Phys.  Soc.  42,  185  (1997). 

7.  P.  Barbara,  A.  B.  Cawthorne,  and  C.  J. 
Lobb,  High-Frequency  Steps  and  Intrinsic 
Phase  Locking  in  Two-Dimensional  Arrays 
of  Underdamped  Josephson  Junctions,  Bull. 
Amer.  Phys.  Soc.  42,  185  (1997). 

8.  F.  M.  Araujo-Moreira,  P.  Barbara,  A.  B. 
Cawthorne,  and  C.  J.  Lobb,  Dynamical 
Reentrant  Behavior  in  XAC  of  Josephson- 
Junction  Arrays,  Bull.  Amer.  Phys.  Soc. 


42,  186  (1997). 

3)  PhD  Degrees  Granted: 

1.  Chagarn  Whan,  1995  (currently  at  IBM 
Watson  Research  Labs,  Yorktown  Heights, 
NY.) 

2.  A.  B.  Cawthorne,  expected  1998. 


7 


